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1 Introduction 
High pressure homogenisers are broadly used in technical emulsification, especially in the
pharmaceutical, cosmetic, chemical, and food industry. Milk, dairy products and fruit juices
are examples of high pressure homogenised commodities. These products are often
homogenised in order to reduce creaming and thus improve long term stability of the
products. Pasteurised milk, for example, has a shell-life of approximately six days. To prevent
the formation of a fat layer during this time, the largest diameter of the fat droplets in
pasteurised milk shall be below 2 µm. Raw milk with an average fat droplet diameter x1,2 of 4
µm is usually homogenised due to this reason (1). The homogenisation takes place in one or
two stages applying pressures between 100 and 200 bar and in a temperature range between
60 to 70 °C (2). During the homogenisation process the fat droplets are disrupted by shear
and inertial forces as the raw milk is pumped through homogenisation valves at high pressure
(full stream homogenisation).  
Often, a conditioning step is required prior to homogenisation. During the conditioning
process, the raw milk is separated into a low-fat and a fat-enriched phase (skim milk and
cream) using a separator. Subsequently, the fat-enriched phase, with a fat content of about
15-17 %, is homogenised (2). The target fat concentration of, for example, 3.5 % in full
cream milk, can be achieved by mixing the homogenised fat-enriched phase with the low-fat
phase. This two-step process is called partial homogenisation. In order to obtain the same
homogenisation results, i.e. the same maximum droplet sizes, the homogenising pressure of
cream with a fat content of 15-17 % has to be at least 25 % higher than the homogenising
pressure of the full stream homogenisation of milk with a fat content of 3.5 %. The increase of
the homogenizing pressure is necessarily for disrupt formed agglomerates. 
As the volume to be processed in partial homogenisation is significantly lower than the one to
be processed in full stream homogenisation this results in huge energy savings, even if the
homogenisation pressure is slightly increased. These savings also strive future process
developments to higher fat concentrations in the homogenisation step. However, to date no
solution was found for fat contents higher than 17 %. For a fat concentration above 20 % in
the fat-enriched phase (cream), coalescence and aggregation of fat globules is found even at
low pressures (e.g. 50 bar). The homogenisation results are even worse if the pressure and
the disperse phase concentration increase (4).  
The size of the interface between the milk fat and the continuous phase (whey) increases by
the disruption of the fat droplets. A secondary droplet membrane is built-up by adsorption of
casein micelles and sub-micelles as well as whey proteins (lactalbumins and lactoglobulins) at
the new interfaces (5, 6). As adsorbed casein micelles interact, aggregates of fat droplets are
formed. These droplet aggregates are partially dispersed in the second homogenising stage
(7). Coalescence of fat droplets occurs when the interface is unsufficiently covered with
emulsifier molecules. This happens if the emulsifier concentration is too low or if the
emulsifier, like whey proteins, depicts a slow stabilisation of droplet. In this way both, a high
collision frequency, due to an increased fat content, and a reduced content of whey proteins in
the fat-enriched phase are the reasons for coalescence and forming of aggregates (8). 
Skim milk is rich in whey proteins. Coalescence as well as aggregate build-up can be reduced
by injecting skim milk directly into the homogenisation zone during or immediately after the
droplet disruption. Hence, the product is diluted and thus, the collision frequency decreases.
On the other hand, the injection of milk’s own emulsifiers (whey proteins) increases their
concentration and helps in covering the newly built interfaces.  
This principle is technically realized by a combined system of a homogenising orifice and a
micro mixer. For this purpose, a combination of a simple homogenising valve and a T-shaped
mixing unit was developed, built and tested. 
2 Materials and Methods 
Commercially pasteurised cream with a fat content of at least 32 % (Alnatura, Germany) and
pasteurised skim milk with a fat content of maximum 0.3 % (Mibell, EDEKA, Germany) were
used in the partial homogenisation studies. As comparison milk with a fat content of 3.5 %
was full stream homogenised. The full cream milk was produced by mixing the cream with the
skim milk to the required fat content. The homogenisation temperature was set to 65 C°. The
temperature increase and decrease of the cream and the full cream milk (fat content 3.5 %)
prior to and after the homogenisation were realized by micro heat exchangers enabling rapid
temperature changes. The residence time within the heat exchangers was of less than 3
seconds. Both fractions were pumped using by membrane piston pumps (LEWA, Germany).
The homogenising pressure was varied by the volume flow rate, which was controlled by a
motor control unit changing the stroke length of the pistons. An outline of the system is
depicted in figure 1. 
  
Figure 1: Outline of the test rig. 
For the homogenisation and mixing step in partial homogenisation, a combined system of a
homogenisation valve and a T-shaped micro-mixer was used (Figure 2). The homogenisation
valve within this combined system consists of a central channel with the cross-section area
dimensions of a = 0.25 mm and b = 0.1 mm. The T-shaped micro-mixer within this combined
system consist of two lateral inductors with cross-section area dimensions of a = 0.25 mm
and c = 1.0 mm, which are located opposite to each other inline (comparable to a T-shaped
mixer). The distance between the outlet of the homogenization valve (central channel) and
the outlets of the inline inductors was set to d = 1.0 mm.  
The dimensions of the homogenisation valve and the T-shaped micro-mixer in the combined
system were found by CFD simulation (software Fluent 6.2). The distribution of elongational
shear stresses and turbulent kinetic energies κ as measure for droplet elongation and
disrupting forces as well as the mixing-rate were calculated. Results were used as basis for
apparatus design.  
The fat-enriched phase (cream) is pumped through the homogenisation valve (central
channel) at pressures of up to 300 bar, corresponding to a volume flow rate of 10 l/h. Skim
milk is injected through the lateral inductors. A maximal feeding pressure of 30 bar and a
volume flow rate of approx. 120 l/h is realized in this test rig.  
Using a pressure ratio of 10 to 1 between the homogenisation pressure of the fat-enriched
phase (cream) and the feeding pressure of the skim milk, a mixing ratio of 1 to 8 was
achieved.  
The droplet size distribution of the products was measured using a laser diffraction
spectrometer combined with PIDS technology (Coulter LS 230) ensuring good results in the
target size range 100 nm – 10 µm. Volume distributions, especially maximum droplet
diameters of the volume distribution x90,3 are used to characterise the fat globule collective.
Maximum droplet diameters are a measure for the creaming stability: The higher the
maximum droplet diameter the lower the creaming stability or the shorter the shelf life of the
product.  
  
Figure 2: Outline of the combined homogenisation valve and T-shaped micro-mixer. 
  
3 Results 
Figure 3 represents values of the turbulent kinetic energy κ for a pressure ratio (cream / skim
milk) of 100 bar / 10 bar. The skim milk injection position was set thus it coincides with the
location of maximal turbulent kinetic energy κ. At this point the flow regime changes from
laminar to turbulent. The flow lines of the central stream (cream) are compressed due to the
entering stream of skim milk streams. It spreads again after approx. 1 mm. Based on the CFD
simulations, mixing times were calculated. For the geometry given in Figure 3 they are less
than 1 ms.  
  
Figure 3: Distribution of the turbulent kinetic energy κ in the combined homogenization –
micro-mixing unit. 
The results for full stream homogenised milk (3.5 % fat) and cream (32 % fat) as well as the
results of the partial homogenisation of cream (32 % fat) with skim milk (0.3 % fat) injection
using the new combined homogenisation - micro-mixing unit are depicted by figure 4.  
  
  
Figure 4: Homogenisation results (maximum droplet diameter x90,3 of the volume distribution)
for full stream homogenisation of milk (volume fat content :ϕ = 3.5 %) and cream
(ϕ = 32 %) and for partial homogenisation of cream (32 % fat) with skim milk (ϕ =
0.3 %) in the new combined homogenization – micro-mixing unit. 
In full stream homogenisation of cream, the maximum droplet diameter x90,3 increases (i.e
creaming stability decreases) with ascending homogenisation pressure due to coalescence and
aggregation of fat droplets. In contrast, the maximum droplet diameter x90,3 of both, ful
stream homogenised milk and partially homogenised cream / skim milk decrease with
ascending homogenisation pressure. The course of both curves match accordingly. The dilution
of the homogenised cream with skim milk immediately after the droplet disruption enables us
to reduce agglomerate build–up as well as droplet coalescence in the homogenisation of cream
even at fat content of 32 %. Product stability targets thus can be met. An optimisation of the
energy consumption by reducing the feeding pressure of skim milk and varying the mixing-
ratio shall be realised in further steps. 
4 Summary 
High pressure homogenisers are broadly used in technical emulsification, especially in the
pharmaceutical, cosmetic, chemical, and food industry. Milk, dairy products, and fruit juices
are examples of high pressure homogenised commodities. These products are often
homogenized in order to reduce the creaming and thus improve the shelf life stability. In
industrial applications, cream of milk fat content up of to 15-17 % is homogenised by
conventional high pressure devices. The homogenised cream is then diluted with skim milk to
adjust the fat concentration to the desired level (partial homogenisation). Partia
homogenisation results in a decrease of volume to be high-pressure homogenised and thus in
energy savings. However, to date partial homogenisation of cream is limited to a fat content of
15-17 % due to increased build-up of milk fat aggregates and coalescence of fat droplets. The
higher the fat concentration, the bigger fat globules are found in the product resulting in a
reduction of shelf life periods. 
  
A micro-structured system which combines a simple homogenising valve with a T-shaped
micro-mixer was developed. This system allows us increasing the fat content in the partial
homogenisation of cream to at least 32 % without losing product quality. The key for this
development is a special homogenisation-micro-mixer combination enabling us to feed skim
milk directly into the homogenisation zone. The dimensions of this new apparatus were
calculated based on CFD- flow simulations. Target of the design was to localise the mix-area
of the skim milk and cream at the point of highest turbulent kinetic energy. Mixing times of
less than 1 ms are thus realized. In the same time, the turbulent kinetic energy is increased
resulting in an improved droplet break-up. A second homogenisation step as for the
conventional processing is not required.  
For milk homogenisation, the new combined homogenisation-micro-mixer unit reduces the
product volume to be homogenised under high pressure. In comparison with one-stage
conventional homogenisation, the new homogenising-micro-mixing combination system needs
only 20% energy input compared to full stream, and maximal 70 % compared to partial
homogenisation of milk. This results in considerable energy and cost savings in milk
processing without any loss in product quality (9). 
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